Patients after repair of tetralogy of Fallot are at increased risk of arrhythmic death. Clinical data suggest that pulmonary regurgitation predisposes to these arrhythmias, although the cellular electrophysiologic effects of pulmonary regurgitation are unknown. We induced pulmonary regurgitation in lambs, and 3 mo later, having quantified the pulmonary regurgitant (PR) fraction, studied right ventricular mechanical and electrophysiologic properties in vivo and in vitro. The PR fraction was greater in PR (75 Ϯ 10%) than in sham-operated animals (8 Ϯ 4%; p Ͻ 0.01). In vivo, monophasic action potential duration and activation time, at rest and during acute right ventricular stretch, were similar in both groups. However, the dispersion of activation time was greater in PR animals at rest (13 Ϯ 1.1 versus 8 Ϯ 1.1 ms; p Ͻ 0.05). Furthermore, the dispersion of activation increased during right ventricular stretch in PR, but not in sham-operated animals. In vitro, myocardial force-frequency responses were similar in both groups, indicating preserved systolic performance, but mechanical restitution studies showed a prolonged refractory period (447 Ϯ 22 versus 370 Ϯ 26 ms; p Ͻ 0.05) and a decreased recovery time constant (184 Ϯ 19 versus 265 Ϯ 20 ms; p Ͻ 0.001) in PR animals, indicating altered calcium cycling. Furthermore, the myocardial conduction velocity was reduced in PR animals (31 Ϯ 3.58 versus 47.9 Ϯ 5.1 cm/s; p Ͻ 0.01), resulting from a 2-fold increase in intracellular resistance (437.25 Ϯ 125.93 versus 194 Ϯ 43.27 ⍀ · cm; p ϭ 0.025). Chronic PR leads to inhomogeneity of right ventricular activation, alters myocardial calcium cycling, reduces conduction velocity, and increases intracellular resistivity. These may contribute to the development of arrhythmias associated with PR, including those in patients after tetralogy repair. Advances in surgery have significantly improved the shortterm prognosis for patients with congenital heart disease. Nonetheless, at medium-term follow-up, arrhythmic death remains an important problem, with patients after repair of tetralogy of Fallot being at particular risk (1, 2).
Advances in surgery have significantly improved the shortterm prognosis for patients with congenital heart disease. Nonetheless, at medium-term follow-up, arrhythmic death remains an important problem, with patients after repair of tetralogy of Fallot being at particular risk (1, 2) .
We and others have emphasized the contribution of abnormal RV mechanics to arrhythmia in patients after repair of tetralogy of Fallot (3) (4) (5) . We postulated that postoperative PR provides the substrate for arrhythmia by altering the electrophysiologic properties of the RV, a phenomenon termed MEF (6, 7) . Despite increasing clinical data, this hypothesis is lacking in a number of key respects. First, although there are numerous studies of the effects of acute changes in ventricular loading on myocardial electrophysiology, there are few clinically relevant models of chronic alterations in load that investigate these phenomena. Second, it is unknown whether the processes that underlie LV MEF also pertain to the RV, which differs from the left with regard not only to shape and mechanics (8, 9 ) but also to its responses during changes in load (10, 11) . Finally, although a variety of mechanisms appear to
METHODS
All experiments were performed according to the Guidance on the Operation of the Animals (Scientific Procedures) Act 1986, under license from the UK Home Office.
Surgical preparation. We anesthetized 12 lambs aged 6 -12 wk with intramuscular ketamine, 5 mg/kg, and xylazine, 0.1 mg/kg, then administered an i.v. bolus of propofol, 2 mg/kg. We intubated and ventilated them with O 2 /N 2 O and halothane (1-1.5%), and through a median sternotomy, encircled the caval veins and the main pulmonary artery with snares. In six, we tightened the snares, made a 2-cm arteriotomy in the main pulmonary artery, and excised two leaflets of the pulmonary valve. In the other six (SO), we tightened the snares for 2 min. The chest was closed, and the animal was allowed to recover.
In vivo physiologic study. Three months later we anesthetized, intubated, and ventilated the lambs as before, performed a median sternotomy, and encircled the main pulmonary artery with a snare. Through a pursestring suture in the RV outflow tract we passed a 4F integrated conductance and micromanometer-tipped catheter (Millar Instruments, Houston, TX, U.S.A.) for measurement of ventricular pressure and volume (13) and placed tripods, mounted with suction electrodes, for MAP recording over the apex, outflow, and inflow regions of the RV. Although minimal differences in the distance between the tripods may have occurred because of variation in the distribution of the coronary arterial branches, every effort was made to ensure that the distance between tripods was similar in all animals. We monitored hemodynamic variables for at least 15 min to ensure stability and then calibrated the conductance catheter system (14) . We recorded RV pressure and volume as well as MAPs during steady state to measure PR fraction (15) and MAP duration and then, to assess the RV responses to stretch, repeated these recordings during complete occlusion of the main pulmonary artery.
The output from the integrated catheter was fed into a signal-processing unit (Sigma-5-DF; Cardiodynamics, Zoetermeer, The Netherlands). RV volume was derived and displayed with RV pressure (14, 15) . The amount of PR was measured from the ventricular pressure-volume loops according to described methods and indexed to stroke volume to derive a PR fraction (15) . The outputs from the limb electrodes and the MAP tripods were amplified (Lectromed MT8, Hertfordshire, UK) and digitized at 1000 Hz with an analog-to-digital converter (model 1401; Cambridge Electronic Design, Cambridge, U.K.). Data were stored with a digital acquisition program (Spike 2; Cambridge Electronic Design) and analyzed with customized software. We defined the interval from the onset of the QRS complex on the ECG to the onset of the upstroke of the earliest MAP as AT. To examine regional nonuniformity of depolarization, we derived the dispersion of AT from the maximum difference for this measure recorded for the three tripods. We measured MAP duration from the onset of the upstroke of the MAP to 25% (MAPD 25 ) and 70% (MAPD 70 ) repolarization. We classified arrhythmias according to the guidelines of the Lambeth Convention (16) .
In vitro studies. After sacrificing the animal with intraaortic sodium pentobarbitone, we rapidly excised the heart and mounted RV trabeculae in a superfusion trough, tied at one end to a fixed hook and at the other end to an isometric force transducer using 100-m silk thread. Segments of muscle with diameters Ͻ1 mm and lengths of 3-5 mm, measured using a binocular microscope with a calibrated eyepiece graticule under ϫ30 magnification, were superfused with Tyrode's solution containing (in mM) NaCl, 118; KCl, 4.0; NaHCO 3 , 24; NaH 2 PO 4 , 0.4; MgCl 2 , 1.8; glucose, 6.1; sodium pyruvate, 5.0. The solution was gassed with a mixture containing 95% O 2 /5% CO 2 , pH 7.35 Ϯ 0.03, at 36 Ϯ 0.5°C.
We measured peak isometric twitch tension during increasing stimulation frequencies (0.1 to 2.0 Hz) and constructed force-frequency curves by expressing the tension generated at each stimulation frequency to that developed at a frequency of 0.1 Hz. We measured mechanical restitution by interposing additional stimuli between regular stimuli at a basal frequency of 0.8 Hz and quantified the time course of force restoration by fitting the data to the relationship as follows:
where T is tension, T max is a constant, is the restitution time constant; t is the ectopic beat interval, and t 0 the time when the curve intercepts the y axis at 0; t 0 is equivalent to the mechanical refractory period.
We made intracellular recordings of field-stimulated AP with 10 M⍀, 3 M KCl-filled microelectrodes with reference to a streaming KCl bridge. APD was the time from the upstroke to 95% repolarization (APD 95 ) at increasing stimulation frequencies (0.1 to 2.0 Hz).
We measured conduction velocity ( ϭ d/t) by stimulating the muscle at one end with insulated Ag-AgCl electrodes on the muscle surface, using threshold pulses to minimize extracellular current spread. We recorded APs with a KCl electrode at known distances from these point-stimulating electrodes, measured with a graticule in the lens of a ϫ3 binocular microscope. Conduction delay was the interval between the start of the stimulus artifact and the maximum AP upstroke velocity, V max . We calculated the time constant of the AP foot, ap , from a semilogarithmic plot of the initial 10 mV depolarization of the conducted AP.
We derived intracellular resistivity (R i ) from conduction velocity, , and the time constant of the APD, ap , by rearranging the cable equation (17, 18) :
RESULTS

Pulmonary regurgitant fraction.
RV pressure-volume recordings demonstrated an increase in volume during the pressure decline, indicating PR. The PR fraction was greater (75 Ϯ 10%) in PR than in SO animals (8 Ϯ 4%; p Ͻ 0.01).
MAP in vivo. Heart rate, MAPD 25 and MAPD 70 repolarization, and the interval from MAPD 25 to MAPD 70 were similar in both groups. Although RV AT was similar in both SO (11 Ϯ 1.5 ms) and PR (12 Ϯ 2.4 ms) animals, AT dispersion was increased in the latter (9.3 Ϯ 2.2 versus 7.5 Ϯ 1.1 ms; p Ͻ 0.05). Pulmonary arterial occlusion shortened MAPD 25 by 28 Ϯ 6 and 22 Ϯ 4 ms in the SO and PR groups, and increased the interval from MAPD 25 to MAPD 70 by 14 Ϯ 5 and 12 Ϯ 4 ms, with no significant difference between groups (Fig. 1) . Although AT was unaltered by occlusion, the dispersion of AT was increased to 13.6 Ϯ 2.4 ms in the PR group (p Ͻ 0.05), but not in the SO animals (Fig. 2) .
Stretch-induced arrhythmias. Stretch-induced arrhythmias occurred during pulmonary arterial occlusion in both groups. Most were single premature beats, although in some of the PR animals, bigemini or short runs of ventricular tachycardia were observed. The proportion of stretch-induced arrhythmia was significantly greater in the PR animals (11 of 14 stretches versus seven of 18 stretches; p Ͻ 0.05).
RV weight. RV weight, normalized to body weight tended to be greater in the PR animals (1.54 Ϯ 0.18 versus 0.83 Ϯ 0.3 g/kg; p Ͻ 0.1), and the RV:LV mass ratio was higher in this
Mechanical properties of the RV myocardium in vitro. RV myocardium from all animals showed a positive forcefrequency relationship, with similar curves in each group (Fig.  3) . Thus the ratios between tension generated at 1.0 and 0. 
DISCUSSION
Late arrhythmic death is a significant problem in young adults after surgery for tetralogy of Fallot (1, 2). We have suggested (3, 4) that RV distension, secondary to chronic PR, provides the electrophysiologic milieu in which arrhythmias may develop. However, this is the first study to investigate the relationships between PR and the electrophysiologic properties of RV myocardium. Two main findings have arisen. First, after only 3 mo of PR the RV shows enhanced susceptibility to stretch-induced arrhythmias and increased inhomogeneity of activation. Second, myocardium from these ventricles show impaired mechanical restitution, increased intracellular resistivity, and a reduced conduction velocity.
RV weight tended to be greater in the PR animals, and the RV:LV mass ratio was higher in this group. This phenomenon has also been observed in patients with chronic PR, in whom it is thought to reflect an adaptive mechanism for the maintenance of a low wall stress (19) . Systolic myocardial performance as assessed from the force-frequency relationship was maintained in the PR group, an observation consistent with another study of chronic RV volume overload of up to 4 y with tricuspid regurgitation (20) . This is contrary to the rapid deterioration of LV function occurring after even short periods of LV volume overload (21) , although the mechanisms for these differences between ventricles remain to be determined. Nonetheless, despite the preserved force-frequency response in the PR group, the presence of abnormal mechanical restitution indicates that more subtle abnormalities of function had developed. Mechanical restitution represents the change in the force of contraction with altered extrasystolic intervals and thus represents the negative inotropic effect of early myocardial activation (22) . It may be a more sensitive measure of excitation-contraction coupling than steady state relationships between ventricular function and heart rate, as the time course of mechanical restitution closely follows that of availability of free calcium within the myocyte (23). Our observations of an increased refractory period and a shortened time constant for restitution are consistent with delayed recovery of the calciumrelease mechanisms of the sarcoplasmic reticulum in animals with PR, which might potentially be a precursor of overt impairment of systolic performance in the longer term.
There are divergent data on the changes in APD in hypertrophied ventricles. We observed that although, in vivo, MAP duration was similar in both groups, the measured APD was increased in the in vitro experiments. This apparent discrepancy may be explained by the fact that in vivo recordings were of epicardial MAPs whereas the in vitro measurements were made from endocardial myocytes. Indeed, a study of LV hypertrophy demonstrated that MAP duration in epicardial myocytes was unchanged whereas repolarization of endocardial and papillary muscle myocytes was prolonged (24) . The mechanisms for the prolongation are not yet clear, as there is considerable variation in the response of membrane current systems to hypertrophic stimuli, which appears to depend on the nature of the stimulus and the species studied. Nonetheless, prolongation of AP duration per se will increase the likelihood of early after-depolarizations that may contribute to arrhythmia generation (25) , a phenomenon that may be further augmented by the amplified transmural dispersion of repolarization (26) .
One potential mechanism that might underlie MEF is through altered properties of stretch-activated channels (7). However, there is lack of consensus as to the contribution of these channels to arrhythmia in pathologic conditions associated with ventricular dilation. We used pulmonary arterial occlusion as a stimulus to assess the function of these channels in vivo. During PA occlusion the time to MAPD 25 was abbreviated, suggesting a reduction in plateau duration of the AP, whereas the interval between MAPD 25 and MAPD 70 was prolonged, delaying phase 3 repolarization. These effects are consistent with activation of stretch-sensitive channels (27) , which have a marked increase in opening probability in response to stretch, with a reversal potential of approximately Ϫ30 mV. Activation would be expected to abbreviate the plateau phase of the AP and prolong phase 3 depolarization. Nonetheless, our observation that the responses to stretch were unaltered in PR animals suggests that although the tendency to exhibit stretch-induced arrhythmia was increased in the setting of PR, it is unlikely that this can be explained by an alteration per se in the properties of stretch-activated channels.
It is more likely that the increased activation dispersion in vivo and the reduced conduction velocity in vitro reflect the primary electrophysiologic changes associated with PR. Cable theory predicts that as cell diameter increases, conduction velocity will be increased. However, in this study conduction velocity was found to decrease. This reduction could result either from an attenuation of local circuit currents derived from inward currents driving the AP upstroke or an increase in the impedance of the intracellular pathway. The lack of change in the time constant of upstroke of the AP ( ap ) indicated that the latter mechanism is responsible. Our calculation of R i by cable analysis assumed that the cell diameter was similar in the two groups; if, as is likely (28 29), cell diameter was larger in the PR group, the proportional increase in R i would be even greater. Errors in the measurement of will disproportionately affect calculations of R i , as R i is proportional to 2 . We estimated the experimental error in this measurement by examining the variability in repeated measurements of conduction delay within each specimen. This variability did not exceed 5%. Thus the differences in R i between control and experimental groups could not have been explained by such errors.
The intracellular resistive pathway has at least two components; one caused by the resistivity of the sarcoplasm and the other caused by gap junctions between myocytes, mediated by connexins (30) . It is more likely that changes in the latter explain our observations. Alteration of connexin electrical conduction can be mediated either by altering the number, distribution, and type of connexin subtypes or by decreasing the conductance of existing connexins, mediated for example by changes in intracellular pH or calcium, or by dephosphorylation. If connexin conductance were to decrease equally in all directions, then the increase in R i may preferentially attenuate transverse conduction and increase the propensity for reentrant circuits to develop (31); however, if redistribution were to occur, then the difference between longitudinal and transverse impedances would diminish. Changes in the expression of connexin isoforms were observed within 5 d of pressure overload of the RV owing to pulmonary artery banding in fetal sheep (32) . Further studies will be required to investigate whether these changes also occur in PR. 
PULMONARY REGURGITATION AND ARRHYTHMIA
A number of factors have been suggested to contribute to arrhythmic death in patients after tetralogy repair. Recent data suggest postoperative PR makes an important contribution (3, 4) . Here, we have shown that only 3 mo of PR increases the dispersion of activation, prolongs endocardial APD, and reduces conduction velocity. In addition, the slowed conduction velocity reflects an increase in intracellular resistivity, most likely related to altered gap junction properties. These findings provide the mechanistic basis for our clinical observation of an increase in QRS dispersion (33) and QRS duration (3) in patients after repair of tetralogy of Fallot, which is thought to accompany progressive ventricular dilation secondary to PR (3). The rate of this increase is one of the most sensitive markers for ventricular arrhythmia and sudden death (4). Our observations also help to delineate the contribution made by PR to arrhythmia. Although a previous animal model of chronic RV outflow tract obstruction and ventriculotomy (34) suggested that triggered mechanisms may be the predominant mechanism of tachycardia in patients after congenital heart surgery, the presence of frequent and complex automatic ventricular activity failed to predict clinically important ventricular arrhythmia or sudden death in at least two large clinical studies (4, 35) . Our data emphasize the potential contribution of chronic PR to the development of reentry arrhythmia. There is evidence from electrophysiologic studies that ventricular tachycardia after repair of tetralogy of Fallot results from reentry mechanisms. Macro-reentry circuits have been demonstrated by signal averaging and catheter mapping (36) . These studies have highlighted the contribution to these circuits of surgical scarring related to the ventriculotomy or to the ventricular septal patch, although reentry circuits have also been demonstrated at sites independent of visible scars (37) . Our data suggest that isolated PR, unrelated to ventricular scarring, may predispose to reentry by altering the conduction velocity in the RV myocardium.
A potential limitation of our study relates to the assessment of RV performance in vivo. This assessment is widely recognized to be difficult, particularly because of the irregular shape of the RV cavity. Although no technique is ideal, we used the conductance catheter technique, which we consider to be an acceptable method to examine RV performance in the pressure-volume plane. A number of groups have provided validation of this method, demonstrating, for example, a close relationship between changes in RV volume measured with the conductance catheter and stroke volume measured with a flow probe on the pulmonary artery (38) . We have demonstrated that despite the complex shape of the RV, the conductance technique provides an accurate measure of the volume of RV casts (39) , and others have suggested that RV volume estimated in vivo using the conductance technique is unaffected by shape (40) .
CONCLUSIONS
In conclusion, experimentally induced PR changes the electromechanical properties of the myocardium, which could 
